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Background: The plant cell wall serves as a primary barrier against pathogen invasion. The success of a plant
pathogen largely depends on its ability to overcome this barrier. During the infection process, plant parasitic
nematodes secrete cell wall degrading enzymes (CWDEs) apart from piercing with their stylet, a sharp and hard
mouthpart used for successful infection. CWDEs typically consist of cellulases, hemicellulases, and pectinases, which
help the nematode to infect and establish the feeding structure or form a cyst. The study of nematode cell wall
degrading enzymes not only enhance our understanding of the interaction between nematodes and their host, but
also provides information on a novel source of enzymes for their potential use in biomass based biofuel/bioproduct
industries. Although there is comprehensive information available on genome wide analysis of CWDEs for bacteria,
fungi, termites and plants, but no comprehensive information available for plant pathogenic nematodes. Herein we
have performed a genome wide analysis of CWDEs from the genome sequenced phyto pathogenic nematode
species and developed a comprehensive publicly available database.
Results: In the present study, we have performed a genome wide analysis for the presence of CWDEs from five
plant parasitic nematode species with fully sequenced genomes covering three genera viz. Bursaphelenchus,
Glorodera and Meloidogyne. Using the Hidden Markov Models (HMM) conserved domain profiles of the respective
gene families, we have identified 530 genes encoding CWDEs that are distributed among 24 gene families of
glycoside hydrolases (412) and polysaccharide lyases (118). Furthermore, expression profiles of these genes were
analyzed across the life cycle of a potato cyst nematode. Most genes were found to have moderate to high
expression from early to late infectious stages, while some clusters were invasion stage specific, indicating the role
of these enzymes in the nematode’s infection and establishment process. Additionally, we have also developed a
Nematode’s Plant Cell Wall Degrading Enzyme (NCWDE) database as a platform to provide a comprehensive
outcome of the present study.
Conclusions: Our study provides collective information about different families of CWDEs from five different
sequenced plant pathogenic nematode species. The outcomes of this study will help in developing better
strategies to curtail the nematode infection, as well as help in identification of novel cell wall degrading enzymes
for biofuel/bioproduct industries.
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Plant parasitic nematodes employ physical and biochem-
ical strategies for successful infection and establishment
in host plants. Plant cells are surrounded by a cell wall, a
rigid structure primarily made up of a dynamic network
of matrix biopolymers along with different structural
proteins [1–4]. The cell wall is an unique feature of plant
cells which is not only important for maintaining their
shape, size and growth, but also important for cell-to-cell
and cell-to-environmental interactions [2]. The plant cell
wall also acts as a primary defensive barrier against the at-
tack of a plethora of plant pathogens viz. bacteria, viruses,
fungi and nematodes [5–7]. Successful entry (infection)
and survival (formation of syncytia or giant cell) of nema-
todes requires production of a battery of synergistically
acting cell wall degrading enzymes. Among various plant
pathogens, parasitic nematodes Bursaphelenchus xylophi-
lus (pine wood nematode), Globodera pallida (potato cyst
nematode), Heterodera glycines (soyabean cyst nematode)
and different Meloidogyne species (root-knot nema-
todes) are responsible for the major crop damage and
agricultural losses up to approximately $157 billion an-
nually [8–10]. In order to establish the parasitic relation
with the plants, most of these nematodes secrete a mix
of synergistically active cell wall degrading enzymes
(CWDEs) to invade the plant cell wall [11–13]. These
enzyme mixes are administered into the plant cells after
the physical damage by piercing them with a stylet, a
hollow mouth spear like structure, present on the head
of both ecto- and endo-parasites [14, 15].
The cell wall composition plays an important role in
nematode-plant interactions [16]. Plant cell walls are mainly
composed of cellulose (15–40 %), hemicellulose (30–40 %),
lignin (20–30 %) and pectin biopolymers along with matrix
proteins (1–5 %) [1–4]. Based on the cell wall composition,
the nematode must produce a specific set of CWDEs, to
degrade a host specific cell wall for successful entry into a
plant species. Inability of a nematode to degrade any par-
ticular cell wall component may result in unsuccessful
infection or survival in the host plant. It is plausible to alter
the plant cell wall composition to make the cell walls recal-
citrant to degradation by nematodes and thereby improve
the plant’s resistance against nematodes. CWDEs have
scientific and commercial importance, particularly in plant
biomass based biofuel/bioproduct industries. The lignocel-
lulosic material produced by plant biomass is utilized for
the production of bioproducts and bioethanol via fermenta-
tion of cell wall derived sugars [17]. Lignocellulosic material
often requires expensive physiochemical (steam & chem-
ical) pretreatment to liberate sugar molecules for bioetha-
nol production [18]. Efficient CWDEs are required for
biological pretreatment to reduce the cost of physiochem-
ical pretreatment and the associated chemical pollution.
The CWDEs produced by bacteria and fungi have beencharacterized and used in the biofuel industry for biomass
pretreatment [19]. However, the CWDEs produced by
nematodes have not been explored for biofuel industrial
applications. The enzymes produced by nematodes could
provide a novel source of enzymes for the biofuel industry.
The very first experimental evidence of CWDEs presence
in nematodes came with the identification of endogenous
β-1,4-Endoglucanases (EC 3.2.1.4) in the esophageal glands
of the cyst nematodes G. rostochiensis and H. glycines [20].
Subsequently, the endoglucanases were identified from
different plant parasitic nematodes such as B. xylophilus
(GH45) [21], Ditylenchus africanus and Pratylenchus cof-
feae (GH5) [22]. Different hemicelluloses and pectin de-
grading enzymes were also identified from plant parasitic
nematodes using different bioinformatic and wet lab
approaches [9, 20, 23, 24]. The first report of genome wide
identification of CWDEs was from the very first sequenced
plant parasitic nematode, M. incognita [9]. Furthermore,
similar studies showed the presence of CWDEs from the
genomes of B. xylophilus [25] and G. pallida [26]. Interest-
ingly, the plant parasitic nematode H. schachtii produces a
cellulose binding protein which interacts with the host’s
pectin methyl esterase (PME) to modify the cell wall [27].
Over-expression of PME in transgenic Arabidopsis thaliana
resulted in an increased nematode susceptibility, indicating
that the nematode co-opts the host proteins for cell wall
modification [27]. Hence, it is important to study CWDEs
for developing effective strategies for plant defense apart
from utilization in the biofuel industry.
The role of CWDEs in degrading the plant cell wall
has been well studied from fungi, and various databases
have been created harboring comprehensive information
on plant cell wall degrading enzymes [28, 29]. A similar
platform is not available for the nematodes, even though
genome data is available for five major species of plant
parasitic nematodes [9, 25, 26]. In most of the platforms
providing such information, the nematode’s representa-
tion is limited to the model nematode, Caenorhabditis
elegans. In the present study, we have collected the gen-
omic resources from the completely sequenced plant
parasitic nematode’s genomes and analyzed them for the
presence of genes encoding CWDEs involved in degrad-
ation of the major cell wall components cellulose, hemi-
cellulose and pectin. The identified CWDEs have been
classified into a total of 24 gene families based on the
HMM profile search using the CWDE families’ specific
conserved sequences obtained from the Carbohydrate-
Active enZymes (CAZy) database [30]. Various classes
of cell wall related enzymes are defined by the CAZy
database (http://www.cazy.org/). Carbohydrate Active
enZymes (CAZymes) are involved in the biosynthesis/
degradation/modification of glycoconjugates of oligo-
and polysaccharides [29]. CAZymes are further classi-
fied in to Glycoside Hydrolases (GHs), Polysaccharide
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Esterases (CEs) and enzymes with auxiliary activities (AAs)
based on protein catalytic or functional domains [29, 30].
The CAZy database contains information about approxi-
mately 133 GH and 23 PL gene families. Cellulose and
hemicellulose degrading enzymes belong to different fam-
ilies of the glycoside hydrolase class [11, 30]. The CAZymes
produced by parasites play an important role in cell wall
modification as well as host-pathogen interactions [30]. To
understand the dynamic relation of these CAZymes, we
further focused on expression profile of CWDEs during
different stages of the life cycle of an endo-parasitic potato
cyst nematode, G. pallida. We have found that CWDEs are
expressed during the infection stage, and some CWDEs are
induced during the infection and establishment stage, indi-
cating their crucial role in nematode pathogenesis and
survival in plants. The expression of CAZymes was
dynamic and varied through the stages of the life cycle
and the infection. Furthermore, we constructed a web-
resource Nematode Cell Wall Degrading Enzyme
database (NCWDE; http://www.pssc.ttu.edu/ncwde/
index.html) as a platform to provide comprehensive
information of all the plant CWDEs from the five spe-
cies of genome sequenced plant parasitic nematodes.
Apart from the identified CWDEs from this study, we
have also included the CWDEs available in published
literature from different species to expand the horizon
of our database.
Results and discussion
Genome wide analysis of genes encoding plant cell wall
degrading enzymes from five different nematode species
Genome sequencing of an organism provides compre-
hensive information on the presence of number of differ-
ent genes, gene families and chromosomal locations.
Here, for the analysis of CWDEs, we focused on the
nematode species for which the whole genome sequence
is available. Out of several species of plant pathogenic
nematodes, the whole genome sequence is available for
only five species from three genera (B. xylophilus [25], G.
pallida [26], M. floridensis, M. hapla and M. incognita
[9]) with a genome size ranging from 53.01 Mb (M. hapla)
to 123.63 Mb (G. pallida). To perform genome wide
analysis of CWDEs, a total of 90,314 protein sequencesTable 1 Details of the plant pathogenic nematode species used to
pathogen specificity and feeding habits
Genus Species Name Feeding S
Bursaphelenchus B. xylophilus Pine wood nematode Stem/Bulb
Globodera G. pallida Potato cyst nematode Sedentary
Meloidogyne M. floridensis Peach root-knot nematode Sedentary
M. hapla Northern root-knot nematode Sedentary
M. incognita Southern root-knot nematode Sedentarywere downloaded from these five species with an average
proteome size of 18,063 proteins per genome ranging from
14,420 (M. hapla) to 21,038 (M. floridensis) proteins
(Table 1). The downloaded protein sequences were
screened for the presence of proteins encoding plant cell
wall degrading enzymes.
Out of the total protein sequences analyzed against
different databases, a total of 530 CWDE related pro-
tein sequences have been identified with an average of
106 CWDE related proteins from each species ana-
lyzed (Table 1, Additional file 1: Table S1). M. hapla
was found to have a minimum number of CWDE
encoding genes (78) whereas M. incognita was ob-
served to have maximum number of CWDE encoding
genes (131). Nevertheless, the number of CWDEs
present per species showed no relation to the genome
size. The present study showed a higher number of
CWDE encoding genes than the previous individual
reports on different nematode species [9, 25, 26]. Our
analysis showed 119 CWDE encoding genes in B. xylo-
philus genome, in comparison to 73 genes identified
in a previous study [25]. Similarly in M. incognita and
M. hapla, we found 131 and 78 CWDE encoding
genes in comparison to the reported 90 and 44 genes
respectively [9]. The identification and distribution of
the identified CWDE encoding proteins to the differ-
ent gene families (Table 2) were performed using their
signature domain profile constructed from the se-
quence information available on the CAZy database
[11]. Additionally, the blast similarity search was also
performed to identify CWDE encoding genes. After re-
moving the redundant gene sequences, all the identified
genes were further validated for the presence of related
conserved domains using the Conserved Domain Data-
base (CDD) and Protein families (Pfam). The bioinfor-
matic pipeline used to identify CWDE genes has been
illustrated in Fig. 1.
CAZy families, gene distribution and cell wall degrading
enzymes
The identified CWDE genes have been classified into 24
gene families of CAZymes (Table 2 and Fig. 2), 23 related to
glycoside hydrolases (GHs) whereas one is related to poly-
saccharide lyases (PLs). GHs are the enzymes responsible foridentify the CWDEs and construct database together with their
trategy Genome Size (Mb) Proteome size CWDE’s Identified
Nematodes 73.09 18,074 119
Endo-parasites 123.63 16,417 100
Endo-parasites 96.67 21,038 102
Endo-parasites 53.01 14,420 78
Endo-parasites 82.1 20,365 131
Table 2 Details of the identified CWDEs from plant pathogenic nematodes. Bx: Bursaphelenchus xylophilus, Gp: Globodera pallida, Mi:
Meloidogyne incognita, Mh: Meloidogyne hapla and Mf: Meloidogyne floridensis
Substrate CAZy Family Activity Bx Gp Mi Mh Mf
Substrate CAZy Family Activity Bx Gp Mi Mh Mf
Ligno-Cellulose GH3 β-Glucosidases 0 1 0 0 0
GH5 Endo-β-1,4-glucanase/ cellulase 0 12 23 6 6
GH7 Endo-β-1,4-glucanase 0 0 0 1 0
GH45 Endoglucanase, endo-β-1,4-glucanase,
cellulase
11 0 0 0 0
GH27 α-Galactosidases 3 0 1 2 3
GH31 α-Glucosidase 4 4 1 3 2
GH35 β-Galactosidases 0 2 0 0 0
GH38 α-Mannosidase (Class II) 7 7 1 2 3
GH43 α-Arabinosidases 0 1 1 1 1
GH47 Exo-acting α-1,2-mannosidases 5 4 6 4 2
GH99 Endo-α-1,2-mannosidase 2 1 0 0 0
Chitin GH75 β-1,4-chitosanases 0 0 1 1 2
GH77 α-Amylase 0 0 1 0 0
GH18 Chitinase 14 17 6 10 10
GH19 Chitinase 2 0 0 0 0
GH20 β-Hexosaminidase 8 3 5 3 2
Pectin PL Pectate lyase 15 8 36 22 37
1,3-Glucan GH16 Xyloglucan:xyloglucosyltransferases 7 0 2 0 1
β-1,3-Glucans GH64 β-1,3-glucanases 6 5 3 2 2
β-Glycans GH2 β-Galactosidase 12 26 21 1 3
GH15 Glucoamylase 2 0 0 0 0
GH25 Lysozyme 17 1 20 16 23
GH32 Invertase 0 8 1 2 3
GH56 Hyaluronidase 4 0 2 2 2
Total number of
gene families
16 15 17 16 16
Total number of CWDEs 119 100 131 78 102
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between a carbohydrate and non-carbohydrate moiety,
whereas PLs are mainly responsible for the degradation of
pectins and glycosaminoglycans [29]. All the analyzed
nematode species showed a comparable total number of
CAZy gene families, with a maximum of 17 in M. incog-
nita and a minimum of 15 in G. pallida (Table 2). Though
the total number of CAZy gene families is comparable
among the five nematode species, the types of CAZy
families identified are different (Table 2 and Fig. 2). More-
over, there is a variation in the number of CWDE genes
present in each family between nematode species (eg. GH
27: 3, 0, 1, 2 & 3 in five different species). The distribution
of genes per family varied within and between species in-
dicating a possible evolution of plant parasitic nematodes
according to their feeding behavior. The highest average
number of CWDE genes per family was observed in M.incognita with an average of 7.70 genes per family, whereas
the lowest of 4.88 genes per family was observed in M.
hapla (Table 1). The identified 530 CWDEs from 24 fam-
ilies (glycoside hydrolases and polysaccharide lyases) were
further classified, based on substrate specificity, into ligno-
cellulases (cellulolytic, hemicellulolytic and lignolytic), pec-
tinases, chitinases and other enzymes (Table 2 and Fig. 2).
Lignocellulases
The majority of plant biomass is composed of lignocellu-
losic material. Essentially, the lignocellulosic material is
composed of cellulose, hemicellulose and lignin. Ferulic
acid, a component of lignin, ester-links the cellulose
and hemicellulose polysaccharides with lignin forming
a complex lignocellulosic matrix of cell walls [31].
Cellulose is a polymer of β-(1,4)-linked glucose mono-
mers and a major component of the plant cell wall [32].
Fig. 1 A schematic representation of the bioinformatic pipeline used to identify genes encoding CWDEs
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glucan chains with the glucose units arranged at 180 °
with respect to each other, hence, the repeating unit is
cellobiose not glucose [32]. Glucose units of individual
glucan chains form hydrogen bonds with the adjacent
unit to produce a cellulose microfibril [33]. Cellulose fi-
brils are associated with other cell wall matrix polymers
such as hemicellulose, pectin and lignin [34]. Cellulose
is a homopolymer of glucose units while, hemicelluloses
are heteropolymers with branched polysaccharides and
hexose and pentose sugar monomers [35, 36]. Hemicellu-
loses are synthesized at the Golgi membranes and are
exported to the cell wall for integration with other wall
polysaccharides [37]. Hemicelluloses are composed of
xyloglucan, xylans, mannans, glucomannans and mixed
(β-1,4 & 1,3) glucans [38]. The composition of hemicellu-
loses differs between dicots and monocots and are classi-
fied as Type I and Type II cell walls respectively [2]. The
primary cell walls of dicots contain a high proportion ofXyloglucans (XGs), while (glucurono)arabinoxylans (GAXs)
are dominant in monocots [2, 35, 36, 38].
Cellulases are the enzymes responsible for the hydroly-
sis of native cellulose by breaking β-1,4 linkages in cellu-
lose chains. The cellulose hydrolysis is achieved by the
synergistic action of three types of cellulases: (1) endo-
glucanases (EC 3.2.1.4), (2) exoglucanases (EC 3.2.1.91),
and (3) β-glucosidase (EC 3.2.1.21) [39]. In the present
study, the CWDE encoding genes with this class of activity
were mostly distributed into GH3 (β-Glucosidases),
GH5 (Endo-β-1,4-glucanases), GH7 (Endo-β-1,4-glucanases)
and GH45 (Endo-β-1,4-glucanases) families (Table 2
and Fig. 2). Among the cellulolytic gene families, GH5
and GH45 were found to have the most number of
genes. Cellulose specific GH45 has been observed ex-
clusively in the B. xylophilus, which is also in the
agreement with the previous reports [21, 25] (Table 2).
The family of GH45 cellulases showed high similarity to
fungal genes and has not been found in any other
Fig. 2 Species and family wise distribution of CWDE encoding genes identified from different species of plant pathogenic nematodes
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from fungi during the evolution of parasitism by nema-
todes [21, 25]. Hemicellulases are another important class
of enzymes which degrade the second most abundant
polymer of the cell wall i.e. hemicellulose. We also iden-
tified several gene families related to the hemicellulose
specific activity viz. GH27 (α-Galactosidases), GH31 (α-
Glucosidases), GH35 (α-Galactosidases), GH38 (α-man-
nosidase), GH43 (α-Arabinosidases), GH47 (Exo-acting
α-1,2-mannosidases), and GH99 (Endo-acting α-1,2-man-
nosidases) (Table 2 and Fig. 2). GH31 with α-glucosides,
GH38 with α-mannosidase (Class II) and GH47 with exo-
acting α-1, 2-mannosidases activities were present in all of
the five species analyzed (Fig. 3). Some of the GH3, GH5
and GH45 family enzymes were also reported to have the
hemicellulase activity apart from the cellulose activity [40,
41]. There are reports of limited activity of GH5 family
against the 1,4-β linked polysaccharides [41]. The GH45
family has been reported to have activity against the gluco-
mannon in the pine wood nematode, B. xylophilus [40].
Similarly, GH16 with xyloglucan:xyloglucosyltransferases
were also classified to have hemicellulose activity.
In addition to cellulose, hemicellulose and pectin, lig-
nin is deposited in certain cell types, which synthesize
secondary cell walls. Unlike cellulose and hemicelluloses
which are made of sugars, lignin is a polymer of aromatic
compounds. Lignin is a complex heteropolymer synthe-
sized mainly from three aromatic alcohols viz. sinapyl,coniferyl and coumaryl alcohols [42, 43]. The monolignols
are synthesized in the cytosol and are exported to the
apoplast where the heteropolymer is synthesized from free
radical coupling of monolignols [42, 43]. The proportion
of different monolignols determines the lignin property
and also varies from species to species depending on the
tissue type, age, and environmental conditions [44]. In the
present study, we also searched for the genes encoding
enzymes, which can degrade lignin, an important compo-
nent of the cell wall that makes the cell wall recalcitrant.
Presence of lignin degrading enzymes makes the nema-
tode degrade secondary cell walls that are rich in lignin
content. According to the CAZy database classification,
the lignin degrading enzymes belong to the multi-copper
oxidase (AA1) family, which are classified as auxiliary ac-
tivity (AA) enzymes [45]. Interestingly, we identified lignin
degrading enzymes, laccase (Bux.s00116.660 and GPLIN_
001134600) and laccase_like (GPLIN_001134500) from
two nematodes i.e. pine wood and potato cyst nematodes
(Additional file 2: Table S2). The presence of lignin de-
grading enzyme in root-knot nematodes indicates the
specific need of lignin degrading enzymes in the pine
wood nematode to invade the pine wood cell wall contain-
ing relatively high lignin content. Over all, the analysis
showed the presence of a relatively large number of en-
zymes capable of degrading cellulose and hemicellulose
compared to lignin. The nematodes primarily infect the
root cells, which are mainly composed of primary cell
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degrading enzymes in majority of the nematode species
could be due to the relatively less abundance or complete
absence of lignin in the roots of the crop plants they in-
fect. Enhancing the lignin content in the primary cell walls
could be used as a strategy to enhance nematode resist-
ance in crop plants.Pectinases
Besides cellulose and hemicellulose, pectin constitutes the
major component of the plant primary cell wall [35, 36].
Pectin is mainly located in the middle lamella and plays a
major role in cell adhesion and wall porosity in associ-
ation with cellulose and hemicelluloses [16, 35, 36].
Similar to hemicelluloses, pectic polysaccharides are syn-
thesized in the Golgi apparatus as rhamnogalacturonan-I
(RG-I), rhamnogalacturonan-II (RG-II) and homogalactur-
onan (HG) [35, 36]. A large fraction of total nematode
CWDEs identified were found to be associated with Pectate
Lyase (PL) activity, which is responsible for the degradation
of another important component of cell wall i.e. pectin.
Among the different nematodes species analyzed, theMelio-
dogyne species showed a higher number of pectin degrading
(PL) enzymes (Table 2 and Fig. 2) 37 (M. florigensis), 22 (M.
hapla) and 36 (M. incognita), whereas 8 and 15 were found
in G. pallida and B. xylophilus, respectively. The presence
of different types of pectin degrading enzymes (Table 3) in
the secretion of plant pathogenic nematodes and theirA
Fig. 3 Comparative analyses of the gene families representing CWDEs from f
common gene families identified between the different phyto-pathogenic ne
species analyzed with their activitiesimportance in maceration of plant roots during the nema-
tode migration have been well reported [24, 46–48].
Chitinases
Chitin is a homopolymer of N-acetyl-β-D-glucosamine
which is abundant in insect exoskeletons, fungal cell
walls, nematode egg shells and some other biological
matrices to provide support and increased strength to
these structures [49]. Apart from the lignocellulosic and
pectin degrading enzymes, we also found 85 genes dis-
tributed among five families known to have chitinase ac-
tivity. Out of these five families viz. GH18 (Chitinases),
GH19 (Chitinases), GH20 (β-Hexosaminidases), GH75
(β-1,4-chitosanases) and GH77 (α-amylases), GH18 and
GH20 were the most abundant chitinases found across
all the five genomes analyzed (Table 2 and Figs. 2 and 3).
The existence of 42 genes comprising chitinase and N-
acetylglucosaminidase activity has also been reported in
the free-living nematode, C. elegans [50]. Nematode chit-
inases play an important role in remodeling the egg shell
chitin during the nematode development [51]. Addition-
ally, the presence of chitinase enzymes in nematodes may
have a role in utilizing the fungus and insect derived chi-
tin polymers present in the soil as an additional nutri-
tional source. Chitinase enzymes could also help nematodes
to feed on the soil fungi. It has been reported that the soil
inhabiting nematode, Filenchus species, reproduce by feeding
on fungi in soil [52]. It is considered that the plant-
parasitic nematode species, Tylenchida, is evolved fromB
ive different nematode species. a Venn diagram showing the number of
matode species. b List of common gene families identified in all the five
Table 3 List of published CWDE encoding genes from different species of plant pathogenic nematodes
Class Gene/Protein Nematode References
Lignocellulose degrading enzymes BxEng1/2/3 B. xylophilus Kikuchi et al., 2004 [21]
DaEng1 Ditylenchus africanus Kyndt et al., 2008 [74]
HgEng1/2/3 H. glycines Smant et al., 1998 [20]; Yan et al., 1998 [75]; Yan et al.,
2001 [76]; Gao et al., 2002a [77], 2002b [78]
HsENG1/2 H. schachtii De Meutter et al., 2001 [79]
GtEng1/2 G. tabacum Goellner et al., 2000 [65], 2001 [80]
GrEng1/2/3/4 G. rostochiensis Smant et al., 1998 [20]; Chen et al., 2005 [68];
Rehman 2009 [81]
MiEng1/2 M. incognita Rosso et al., 1999 [82]; Ledger et al., 2006 [83]
PcEng1 Pratylenchus coffeae Kyndt et al., 2008 [74]
PpEng1/2 P. penetrans Uehara et al., 2001 [84]
RsEng1A/1B/2/3 Radopholus similis Haegeman et al., 2008 [22]
RrEng1 Rotylenchulus reniform Wubben et al., 2010 [85]
BxEng1/2/3 B. xylophilus Shibuya and Kikuchi, 2008 [40]
MiXyl1/2/3 M. incognita Mitreva-Dautova, 2006 [86];
Haegeman et al., 2009 [87]
RsXyl1 R. similis Haegeman et al., 2009 [87]
Pectate Lyase BxPel1/2 B. xylophilus Kikuchi et al., 2006 [88]
GrPel1/2 G. rostochiensis Popeijus et al., 2000 [24]; Kundla
et al., 2007 [47]
HgPel1 H. glycines De Boer et al., 2002 [89]
HsPel1/2 H. schachtii Vanholme et al., 2007 [48]
MiPel1/2 M. incognita Huang et al., 2005 [90]
MjPel1 M. javanica Doyle and Lambert 2002 [46]
Polygalactouronase MiPg1 M. incognita Jaubert et al., 2002 [91]
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these genes are evolutionarily conserved in this nema-
tode species. These enzymes might be involved in their
defense against the nematophagous fungi in soil.
Other enzymes
Apart from these enzymes, we also identified gene
families with lysozyme (GH25) and invertase (GH32)
activity. Invertase plays an important role in catalyzing
the conversion of the abundant plant sugar, sucrose into
the monosaccharides glucose and fructose, which then
can be utilized as a carbon source by plant parasitic
nematodes [9]. Overall, the wide host range and substrate
specific CWDEs present in these plant parasitic nema-
todes have been reported to play important roles while
establishing the host-pathogen interaction [9, 25, 53].
Auxiliary Activity (AA) enzymes
Auxiliary activity (AA) enzymes are the redox enzymes
that work synergistically with the other carbohydrate
active enzymes. With the recent discoveries in this area,
CAZy database added AA enzymes with 13 sub-classes
as a new class of enzymes to expand its horizon [45].Mining of all the five nematode genomes for the pres-
ence of AA class of enzymes showed presence of seven
genes encoding multi-copper oxidase (AA1), seven genes
encoding GMC oxido-reductase (AA3), single gene en-
coding vanillyl alcohol oxidase (AA4) and three genes
encoding Gluco-oligosaccharide oxidase (AA7) were
present in the plant parasitic nematodes (Additional file
2: Table S2). The sub-class AA1, a multi-copper oxidase
has been reported to play important role in the lignin deg-
radation. Interestingly, seven genes were identified from
this sub-class out of which, two were classified as laccase
(EC 1.10.3.2) (Bux.s00116.660 and GPLIN_001134600)
whereas one as laccase_like enzyme (EC 1.10.3.2)
(GPLIN_001134500) (Additional file 2: Table S2). AA1
sub-class has been reported to be present in the fungal
genomes especially in Ascomycota and plays diverse roles
including lignin degradation and plant-pathogenic interac-
tions [54]. The analysis identified seven genes related to
the sub-class AA3 [glucose-methanol-choline (GMC)
oxido-reductase] from all the five plant parasitic nema-
todes indicating the importance of AA3 possible accessory
role played by these enzymes (Additional file 2: Table S2).
The AA3 enzymes are flavoproteins containing a flavin-
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play a role in cellulose, hemicellulose and lignin biodeg-
radation [55, 56]. The sub-class AA3 has also been re-
ported in lignocellulose-degrading fungi to produce an
extracellular hemoflavoenzyme, cellobiose dehydrogenases
(EC 1.1.99.18) under the cellulolytic culture conditions
[56]. Apart from these sub-classes, one gene encoding
vanillyl alcohol oxidase (AA4) and three genes encoding
Gluco-oligosaccharide oxidase (AA7) were also identified
in the present study from B. xylophilus and G. pallida,
respectively. AA4 sub-class has been reported to be active
on intermediate aromatic compounds produced during
the lignin degradation [45]. Similarly sub-class AA7 has
been reported to oxidize the different carbohydrates such
as D-glucose, maltose, lactose, cellobiose, malto- and cello-
oligosaccharides and also play role in detoxification/
biotransformation of lignocellulosic materials [45, 57].
Apart from the sub-classes AA1 and AA3, AA6, AA8 and
AA9 have been also reported in different phyto-parasitic
fungal genomes [45] which indicates the significant role of
AA class of enzymes in establishing the plant-pathogen
interaction by aiding the cell wall degrading enzymes.
Carbohydrate Binding Modules (CBMs)
The Carbohydrate Binding Modules (CBMs) are non-
catalytic domains known to associate with the catalytic
domains of the CWDEs and help in enhancing the activity
of the catalytic domains [58, 59]. A total of 71 CBM fam-
ilies based on the sequence similarity have been listed in
the CAZy database [30]. These CBMs are reported to dis-
play variation in the ligand specificity and have been
shown to recognize various carbohydrate moieties such
as crystalline cellulose, non-crystalline cellulose, chitin,
β-1,3-glucans and β-1,3-1,4-mixed linkage glucans, xylan,
mannan, galactan and starch [58]. Since these modules
play an important role in the CWDEs, genome wide ana-
lysis was performed for the presence of CBM modules
that resulted in the identification of four classes of CBMs
(CBM2, CBM14, CBM20 and CBM21) in the nematode
genomes. Of the four modules, only two, CBM2 and
CBM14 were found to be associated with GH5 and GH18
families of CWDEs (Additional file 2: Table S3). A total of
18 genes were identified related to the CMB2 sub-class,
13 of which belong to the M. incognita whereas 4 and 1
genes belong to the G. pallida and M. hapla, respectively.
Similarly, out of four genes from the CBM14 sub-class,
each of the analyzed nematodes has a single gene except
the M. incognita (Additional file 2: Table S3). The CBMs
have been previously reported to be associated with the
plant-pathogenic fungi [60] as well as plant-parasitic nem-
atodes [61]. CBM protein has been shown to interact with
a host pectin methylesterase (PME) in H. glycine [27].
Since the PME has been reported to involve in the
regulation of cell growth and expansion, the H. glycineCBM was hypothesized to have role in the syncytium
expansion [27].
Expression profile of CWDE genes during the nematode’s
life cycle
Genome wide expression analysis will provide informa-
tion on the genes that are expressed at a specific stage of
development or in a particular condition while the whole
genome sequence provides comprehensive information
on the total number of genes present in an organism.
The plant CWDEs produced by plant pathogenic nema-
todes have been shown to play an important role in
establishing the parasitic relationship with plants during the
infection process [9, 10, 25, 26, 62, 63]. Timely expression
of these genes is essential to establish the infection process
by degrading the cell walls for an easy entry and establish-
ment. Endoglucanases HgEng1 and HgEng2, and GtEng1
and GtEng2 are expressed during the penetration and intra-
cellular migration of J2 within roots of the soybean cyst
nematode and the tobacco cyst nematode, respectively
[64, 65]. Apart from transcript level evidences, the soybean
cyst nematode protein, HgENG2, has been shown to be
synthesized from the sub-ventral esophageal gland cells of
the nematode and secreted into the soybean root tissue
using immunolocalization studies [66]. It has been shown
that HgENG2 is being secreted from the stylet during their
migratory path after the 24 h of inoculation [66]. To further
interpret the role of CWDE genes in plant pathogenic
nematodes, the expression analysis of these CWDE encod-
ing genes in different stages of plant parasitic nematode life
cycle was analyzed. The publically available transcriptome
repository (SRA: Short Read Archive dataset) has been
searched for the transcriptome data covering different
stages of a nematode life cycle. The potato cyst nematode,
G. pallida was the only nematode for which a comprehen-
sive transcriptome data is available for the entire life cycle
i.e. invasive larval stage J2, adult male, 1, 7, 14, 28 and
35 days post infection (dpi). The data was downloaded and
analyzed the expression of 100 CWDE genes identified
from the G. pallida using. (Additional file 2: Table S4).
Most of the CWDE genes identified were expressed
during different stages of the nematode’s lifecycle (Fig. 4,
Additional file 2: Table S5). The expression profile of the
CWDE genes could be clustered into nine major clusters
using the hierarchical clustering analysis with the Euclidean
distance method of the DNASTAR QSeq software. Most of
the cluster 1 and 2 genes were among the moderately high
expressing genes across all the stages of the life-cycle except
for the J2 stage, where these genes have moderate expres-
sion. All the genes of cluster three were among the highly
expressed genes across the early to later stages of infection.
Out of the 14 genes of this cluster, eight are related to
cellulose degradation and four were responsible for hemi-
cellulose degradation (Fig. 4). The high level of expression
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supported by the endo-parasitic feeding habit of this cyst
nematode [10]. The GHs and PLs are required for the deg-
radation of cell wall components to invade, to migrate into
the cell or to dissolve the cell wall for syncytium formation
[67]. The importance of cell wall degrading enzymes for the
nematode’s parasitic relationship has been shown by RNAiFig. 4 Heat map showing hierarchical clustering of CWDEs across different
expression of genes has been shown in different colors. Blue color indicate
expressed genes, whereas the red color indicates the highly expressing genknock-down of genes with cellulose activity in the potato
cyst nematode G. rostochiensis [68]. Silencing of β-1,4-
endoglucanase reduced the ability of the cyst nematode to
infect the potato roots [68], demonstrating the importance
of the CWDEs in successful infection of crop plants. It is
possible to develop resistant crops by altering the compos-
ition of cell walls to make them recalcitrant to degradationstages of the life-cycle of potato cyst nematode, G. pallida. The
s the down-regulated genes; yellow color indicates the moderately
es
Rai et al. BMC Plant Biology  (2015) 15:187 Page 11 of 15by nematode CWDEs. Among the other clusters, cluster 5
and 6 related genes have moderate expression throughout
the stages, whereas most of the cluster 7, 8 and 9 related
genes were repressed or had very little expression. Al-
though almost all of the cluster nine genes were repressed,
a group of nine genes (six cellulases, and two pectate lyase)
were observed to have strikingly higher expression in J2 or
the adult stage of the life-cycle (Fig. 4). The specific expres-
sion of these genes during the infective J2 stage suggests
that they possibly have an important role in plant cell
invasion during the infection by parasitic nematodes.
Nematode’s Cell Wall Degrading Enzyme database
(NCWDE)
All the available databases for CWDEs (CAZy and fungal
plant cell wall degrading enzyme database) [11, 28] haveFig. 5 A screenshot representation of the nematode’s cell wall degrading ea vast amount of information about these genes, but
information about the nematode’s CWDEs is mostly lim-
ited to the C. elegans. To ensure collective and easy ac-
cess of information related to nematode CWDEs, we
constructed a Nematode’s Cell Wall Degrading Enzyme
database (NCWDE): a web resource which provides
comprehensive information related to the CWDEs from
the plant parasitic nematodes (Fig. 5). Apart from the
genome wide identification of the CWDEs from the five
nematode genomes, we searched the available literature
for the individual CWDEs from the different nematode
species for which genome data are not available, and in-
corporated them into the database to ensure their repre-
sentation (Table 3). All the information related to these
databases is available for public access at http://
www.pssc.ttu.edu/ncwde/index.html.nzyme database web page
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biofuels and soil health
Though plant parasitic nematodes are responsible for sig-
nificant agricultural losses by devastating a wide range of
economically important crops, the presence of these
potential pathogens in particular crop land can be utilized
as the bio-indicator for monitoring and managing the soil
ecosystem i.e. soil health, the ecological balance and envir-
onmental status [69]. The soil health, one of the important
factors responsible for the crop productivity, is inter-
related to the ecological and environmental status of that
area viz. microbial diversity, pollutants and heavy metals
[70]. Interestingly, the plant pathogenic nematodes can
regulate the microbial diversity of any crop field by over-
grazing a specific bacterial or fungal population or pro-
moting them either by releasing growth limiting nutrients
or disseminating specific microbial propagules to the soil
[69, 71]. The resulting microfaunna of that cropland will
affect their nutrient recycling ability, the factor directly
associated with crop productivity. Eventually, analyzing
the CWDE profile of plant parasitic nematodes will
provide their feeding preferences and will help in assessing
what kind of nutrients are required to maintain the soil
health or long term effects of nematode presence in soil.
Another important outcome of the nematode CWDE
study is discovering novel enzymes for bioproduct/biofuel
production. The biopolymers present in plant cell walls,
such as cellulose and xylans, are rich sources of hydrocar-
bon for the production of biofuels, particularly bioethanol
[12]. The recalcitrant behavior of the lignocellulosic bio-
mass and the high cost of the required hydrolytic enzymes
are major hurdles in the successful utilization of this
abundantly available resource. The CWDEs identified in
the present study have shown a wide range of substrate
specificity (cellulose, hemicellulose, lignin, pectin, etc.).
Considering the wide substrate coverage, these plant
pathogenic nematode derived CWDEs may be utilized for
more efficient degradation of the complex plant biomass.
The nematode CWDEs present a novel source of enzymes
because of their ability to function in planta, compared to
the widely used fungal or bacterial enzymes.
Conclusions
In the present study, we have performed a comprehen-
sive analysis of CWDEs from plant parasitic nematodes
with sequenced genomes and have developed a database
to provide the comprehensive information related to
CWDEs. Although primary focus of this study was to
identify the genes encoding plant CWDEs, we also iden-
tified the CWDEs of bacterial and fungal origin due to
horizontal gene transfer of these genes from bacteria
and fungi to nematodes. Our results showed the presence
of common CWDEs across all the species, as well as, the
presence of some species-specific CWDEs. Moreover, thepresence of differential, as well as, ubiquitous expression
clusters of these genes in different stages of the cyst nema-
tode G. pallida, suggest that these enzymes play an im-
portant role throughout the life-cycle of nematodes. The
small number of genome sequenced species limits our
present study, but with the availability of more sequenced
plant pathogenic nematode genomes in the future, we will
expand the database. The importance of CWDEs is not
only limited to the establishment of a parasitic relationship
with the host species, but they are also good sources for
novel and potentially more efficient enzymes to degrade re-
calcitrant plant cell walls for their use in biofuel/bioproduct
industries. Furthermore, the NCWDE database provides
information for the functional characterization of these
enzymes in nematodes by forward and reverse genetic
methods which can eventually be used to develop nema-
tode resistant crops.
Methods
Genome sequencing data retrieval from plant pathogenic
nematodes
The publically available genomes of completely sequenced
plant pathogenic nematodes, G. pallida from Wellcome
Trust Sanger Institute (ftp://ftp.sanger.ac.uk/pub/project/
pathogens/Globodera/pallida/Gene_Predictions), M. floriden-
sis from Nematode Genomes from the Blaxter lab, University
of Edinburgh (http://nematodes.org/genomes/meloidogyne_
floridensis/) and the remaining three i.e. B. xylophilus
(http://www.wormbase.org/species/b_xylophilus#01–10), M.
hapla (http://www.wormbase.org/species/m_hapla#01–10)
and M. incognita (http://www.wormbase.org/species/
m_incognita#01–10) from WormBase, were downloaded
and further processed through the pipeline for the identifi-
cation of genes encoding CWDEs.
In silico identification of genes encoding cell wall
degrading enzymes (CWDEs)
The amino acid sequence of conserved domains associ-
ated with the CWDEs were downloaded from the CAZy
database (http://www.cazy.org/) [11] and used to create
a HMM profile with HMMER v3.1b1 package (http://
www.ebi.ac.uk/Tools/hmmer/). Each of the downloaded
plant pathogenic nematode proteomes was searched for the
presence of CWDEs using the hmmsearch program of
HMMER package. Additionally, nematode proteomes were
further screened with a Blast similarity search using the
protein sequences downloaded from the CAZy database as
query. The independently identified protein sequences from
both analyses were pooled together, checked for the redun-
dancy and the redundant protein sequences were removed
from further analyses. The analysis of AA enzymes was
done by downloading the representative protein sequences
for each of the 13 AA enzyme sub-classes and performing
the BlastP similarity search.
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To validate the identification, all the non-redundant puta-
tive CWDE related protein sequences (GHs, PLs and AAs)
were analyzed for the presence of conserved domains using
NCBI’s conserved domain database (http://www.ncbi.nlm.
nih.gov/Structure/bwrpsb/bwrpsb.cgi) [72] and Pfam data-
base (http://pfam.xfam.org/) [73]. Any protein sequence
without a conserved domain or with a conserved do-
main not related to CWDEs was eliminated from the
further study.
Common CWDE gene families across plant pathogenic
nematodes
All the identified CWDE gene families from the five spe-
cies of plant pathogenic nematodes were compared with
each other to identify the gene families which are present
in all the species. To visualize the comparison, a venn dia-
gram was generated using the freely accessible online tool
(http://bioinformatics.psb.ugent.be/webtools/Venn/).
Transcript abundant analysis of CWDEs across the life
cycle of G. pallida
Publically available transcriptome datasets (PRJEB2896)
covering the entire life-cycle (invasive larval stage J2,
adult male, 1, 7, 14, 28 and 35 days post infection (dpi))
of an important plant pathogenic nematode G. pallida,
were downloaded from the NCBI’s short read archive
(SRA) database (http://www.ncbi.nlm.nih.gov/Traces/
study/?acc=ERP001236) (Additional file 2: Table S4). Se-
quence Read Archive (SRA) files of all the stages were
mapped on G. pallida’s CWDE encoding genes using the
QSeq program of DNASTAR Lasergene package (http://
www.dnastar.com/t-nextgen-qseq.aspx). To visualize the
transcript abundance, a hierarchical clustering heat map
was generated using the self-normalized RPKM (reads
per kilobase per million reads) values calculated by the
QSeq program.
Development of Nematode’s CWDE database
To ensure the availability of all the CWDEs identified
from the plant pathogenic nematodes, a Nematode’s cell
wall degrading enzyme database was created using the
Microsoft’s expression web 4 which is available for pub-
lic access at http://www.pssc.ttu.edu/ncwde/index.html.
The sequence data are available for download in the
fasta format.
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the different stages of the life-cycle of G. pallida. (DOCX 33 kb)
Abbreviations
CWDEs: Cell wall degrading enzymes; HMM: Hidden markov models;
SRA: Sequence read archive; CAZy: Carbohydrate active enZymes database;
CAZymes: Carbohydrate active enZymes; GH: Glycoside hydrolases;
PL: Polysaccharide lyases; GT: Glycosyl transferases; CE: Carbohydrate
esterases; Pfam: Protein families; CDD: Conserved domain databases;
RPKM: Reads per kilobase per million reads; NCWDE: Nematode cell wall
degrading enzymes; AA: Auxiliary activity.
Competing interest
The author’s declare that they have no competing interest.
Authors’ contributions
KMR performed the genome wide analysis, data interpretation, constructed
the web page and drafted the manuscript. VKB, CW, MP and MH wrote the
manuscript. VM conceived the study, performed the data analysis and
drafted the manuscript. All authors read and approved the final manuscript.
Acknowledgements
This work was supported by the Texas Tech University and USDA-FAS.
Author details
1Department of Plant & Soil Science, Texas Tech University, 2802, 15th street,
Lubbock, TX 79409, USA. 2Current address Sarawak Biodiversity Centre, KM20,
Jalan Borneo Heights, Semengoh, Locked Bag No. 3032, Kuching, Sarawak
93990, Malaysia.
Received: 11 May 2015 Accepted: 16 July 2015
References
1. Harris PJ, Stone BA. Chemistry and Molecular Organization of Plant Cell Walls. In:
Biomass Recalcitrance. Blackwell Publishing Ltd, Oxford; 2009: 61–93
2. Carpita NC, Gibeaut DM. Structural models of primary cell walls in flowering
plants: consistency of molecular structure with the physical properties of
the walls during growth. The Plant journal : for cell and molecular biology.
1993;3(1):1–30.
3. Gilbert HJ. The biochemistry and structural biology of plant cell wall
deconstruction. Plant Physiol. 2010;153(2):444–55.
4. Doi RH, Kosugi A. Cellulosomes: plant-cell-wall-degrading enzyme
complexes. Nat Rev Microbiol. 2004;2(7):541–51.
5. Brisson LF, Tenhaken R, Lamb C. Function of Oxidative Cross-Linking of
Cell Wall Structural Proteins in Plant Disease Resistance. Plant Cell.
1994;6(12):1703–12.
6. Hematy K, Cherk C, Somerville S. Host-pathogen warfare at the plant cell
wall. Curr Opin Plant Biol. 2009;12(4):406–13.
7. Schenk PM, Kazan K, Manners JM, Anderson JP, Simpson RS, Wilson IW,
et al. Systemic Gene Expression in Arabidopsis during an Incompatible
Interaction with Alternaria brassicicola. Plant Physiol. 2003;132(2):999–1010.
8. Chitwood DJ. Research on plant-parasitic nematode biology conducted by
the United States Department of Agriculture-Agricultural Research Service.
Pest Manag Sci. 2003;59(6–7):748–53.
9. Abad P, Gouzy J, Aury JM, Castagnone-Sereno P, Danchin EG, Deleury E,
et al. Genome sequence of the metazoan plant-parasitic nematode
Meloidogyne incognita. Nat Biotechnol. 2008;26(8):909–15.
10. Bohlmann H, Sobczak M. The plant cell wall in the feeding sites of cyst
nematodes. Frontiers in plant science. 2014;5:89.
11. Lombard V, Golaconda Ramulu H, Drula E, Coutinho PM, Henrissat B. The
carbohydrate-active enzymes database (CAZy) in 2013. Nucleic Acids Res.
2014;42(Database issue):D490–495.
12. King BC, Waxman KD, Nenni NV, Walker LP, Bergstrom GC, Gibson DM.
Arsenal of plant cell wall degrading enzymes reflects host preference
among plant pathogenic fungi. Biotechnology for biofuels. 2011;4:4.
Rai et al. BMC Plant Biology  (2015) 15:187 Page 14 of 1513. Trudgill DL, Blok VC. Apomictic, polyphagous root-knot nematodes:
exceptionally successful and damaging biotrophic root pathogens. Annu
Rev Phytopathol. 2001;39:53–77.
14. Sobczak M, Golinowski W, Grundler F. Ultrastructure of feeding plugs
and feeding tubes formed by Heterodera schachtii. Nematology.
1999;1(4):363–74.
15. Wyss U, Grundler FMW, Munch A. The Parasitic Behaviour of Second-Stage
Juveniles of Meloidogyne Incognita in Roots of Arabidopsis Thaliana.
Nematologica. 1992;38(1):98–111.
16. Wieczorek K. Cell Wall Alterations in Nematode-Infected Roots. In: Advances in
Botanical Research. vol. 73: Academic Press, San Diego, CA, USA; 2015. 61–90.
17. Balat M. Production of bioethanol from lignocellulosic materials via the
biochemical pathway: A review. Energy Convers Manag. 2011;52(2):858–75.
18. Agbor VB, Cicek N, Sparling R, Berlin A, Levin DB. Biomass pretreatment:
Fundamentals toward application. Biotechnol Adv. 2011;29(6):675–85.
19. Dixon RA. Microbiology: Break down the walls. Nature. 2013;493(7430):36–7.
20. Smant G, Stokkermans JP, Yan Y, de Boer JM, Baum TJ, Wang X, et al.
Endogenous cellulases in animals: isolation of beta-1, 4-endoglucanase
genes from two species of plant-parasitic cyst nematodes. Proc Natl Acad
Sci U S A. 1998;95(9):4906–11.
21. Kikuchi T, Jones JT, Aikawa T, Kosaka H, Ogura N. A family of glycosyl
hydrolase family 45 cellulases from the pine wood nematode
Bursaphelenchus xylophilus. FEBS Lett. 2004;572(1–3):201–5.
22. Haegeman A, Jacob J, Vanholme B, Kyndt T, Gheysen G. A family of GHF5
endo-1,4-beta-glucanases in the migratory plant-parasitic nematode
Radopholus similis. Plant Pathol. 2008;57(3):581–90.
23. Davis E, Hussey RS, Baum T. Parasitism Genes: What They Reveal about
Parasitism. In: Berg RH, Taylor C, editors. Cell Biology of Plant Nematode
Parasitism, vol. 15. Berlin Heidelberg: Springer; 2009. p. 15–44.
24. Popeijus H, Overmars H, Jones J, Blok V, Goverse A, Helder J, et al.
Degradation of plant cell walls by a nematode. Nature. 2000;406(6791):36–7.
25. Kikuchi T, Cotton JA, Dalzell JJ, Hasegawa K, Kanzaki N, McVeigh P, et al.
Genomic insights into the origin of parasitism in the emerging plant
pathogen Bursaphelenchus xylophilus. PLoS Pathog. 2011;7(9):e1002219.
26. Cotton JA, Lilley CJ, Jones LM, Kikuchi T, Reid AJ, Thorpe P, et al. The
genome and life-stage specific transcriptomes of Globodera pallida
elucidate key aspects of plant parasitism by a cyst nematode. Genome Biol.
2014;15(3):R43.
27. Hewezi T, Howe P, Maier TR, Hussey RS, Mitchum MG, Davis EL, et al.
Cellulose Binding Protein from the Parasitic Nematode Heterodera schachtii
Interacts with Arabidopsis Pectin Methylesterase: Cooperative Cell Wall
Modification during Parasitism. The Plant Cell Online. 2008;20(11):3080–93.
28. Choi J, Kim KT, Jeon J, Lee YH. Fungal plant cell wall-degrading enzyme
database: a platform for comparative and evolutionary genomics in fungi
and Oomycetes. BMC Genomics. 2013;14 Suppl 5:S7.
29. Zhao Z, Liu H, Wang C, Xu JR. Correction: Comparative analysis of fungal
genomes reveals different plant cell wall degrading capacity in fungi. BMC
Genomics. 2014;15:6.
30. Cantarel BL, Coutinho PM, Rancurel C, Bernard T, Lombard V, Henrissat B.
The Carbohydrate-Active EnZymes database (CAZy): an expert resource for
Glycogenomics. Nucleic Acids Res. 2009;37(Database issue):D233–238.
31. Harris P, Trethewey JK. The distribution of ester-linked ferulic acid in the cell
walls of angiosperms. Phytochem Rev. 2010;9(1):19–33.
32. Somerville C. Cellulose Synthesis in Higher Plants. Annu Rev Cell Dev Biol.
2006;22(1):53–78.
33. Delmer DP. CELLULOSE BIOSYNTHESIS: Exciting Times for A Difficult Field of
Study. Annu Rev Plant Physiol Plant Mol Biol. 1999;50(1):245–76.
34. Cosgrove DJ. Growth of the plant cell wall. Nat Rev Mol Cell Biol. 2005;6(11):850–61.
35. Ochoa-Villarreal M, Aispuro-Hernández E, Vargas-Arispuro I, Martínez-Téllez
MA. (2012). Plant Cell Wall Polymers: Function, Structure and Biological
Activity of Their Derivatives, Polymerization, Dr. Ailton De Souza Gomes
(Ed.), Chapter 4, 63-86. InTech, Croatia. doi:10.5772/46094.
36. Burton RA, Gidley MJ, Fincher GB. Heterogeneity in the chemistry, structure
and function of plant cell walls. Nat Chem Biol. 2010;6(10):724–32.
37. Carpita NC, McCann MC. The Maize Mixed-Linkage (1→ 3), (1→ 4)-β-d-
Glucan Polysaccharide Is Synthesized at the Golgi Membrane. Plant Physiol.
2010;153(3):1362–71.
38. Scheller HV, Ulvskov P. Hemicelluloses. Annu Rev Plant Biol. 2010;61(1):263–89.
39. Hoshino E, Sasaki Y, Okazaki M, Nisizawa K, Kanda T. Mode of Action of Exo-
and Endo-Type Cellulases from Irpex lacteus in the Hydrolysis of Cellulose
with Different Crystallinities. J Biochem. 1993;114(2):230–5.40. Shibuya H, Kikuchi T. Purification and Characterization of Recombinant
Endoglucanases from the Pine Wood Nematode Bursaphelenchus
xylophilus. Biosci Biotechnol Biochem. 2008;72(5):1325–32.
41. Gao B, Allen R, Davis EL, Baum TJ, Hussey RS. Molecular characterisation and
developmental expression of a cellulose-binding protein gene in the
soybean cyst nematode Heterodera glycines. Int J Parasitol.
2004;34(12):1377–83.
42. Boerjan W, Ralph J, Baucher M. LIGNIN BIOSYNTHESIS. Annu Rev Plant Biol.
2003;54(1):519–46.
43. Bonawitz ND, Chapple C. The Genetics of Lignin Biosynthesis: Connecting
Genotype to Phenotype. Annu Rev Genet. 2010;44(1):337–63.
44. Mann DJ, Labbé N, Sykes R, Gracom K, Kline L, Swamidoss I, et al. Rapid
Assessment of Lignin Content and Structure in Switchgrass (Panicum
virgatum L.) Grown Under Different Environmental Conditions. Bioenerg
Res. 2009;2(4):246–56.
45. Levasseur A, Drula E, Lombard V, Coutinho PM, Henrissat B. Expansion of
the enzymatic repertoire of the CAZy database to integrate auxiliary redox
enzymes. Biotechnol Biofuels. 2013;6(1):41.
46. Doyle EA, Lambert KN. Cloning and Characterization of an Esophageal-
Gland-Specific Pectate Lyase from the Root-Knot Nematode Meloidogyne
javanica. Mol Plant-Microbe Interact. 2002;15(6):549–56.
47. Kudla U, Milac A-L, Qin L, Overmars H, Roze E, Holterman M, et al. Structural
and functional characterization of a novel, host penetration-related pectate
lyase from the potato cyst nematode Globodera rostochiensis. Mol Plant
Pathol. 2007;8(3):293–305.
48. Vanholme B, Van Thuyne W, Vanhouteghem K, De Meutter JAN, Cannoot B,
Gheysen G. Molecular characterization and functional importance of pectate
lyase secreted by the cyst nematode Heterodera schachtii. Mol Plant Pathol.
2007;8(3):267–78.
49. Funkhouser JD, Aronson Jr NN. Chitinase family GH18: evolutionary insights
from the genomic history of a diverse protein family. BMC Evol Biol.
2007;7:96.
50. Popovici C, Roubin R, Coulier F, Pontarotti P, Birnbaum D. The family of
Caenorhabditis elegans tyrosine kinase receptors: similarities and differences
with mammalian receptors. Genome Res. 1999;9(11):1026–39.
51. Tachu B, Pillai S, Lucius R, Pogonka T. Essential Role of Chitinase in the
Development of the Filarial Nematode Acanthocheilonema viteae. Infect
Immun. 2008;76(1):221–8.
52. Okada H, Harada H, Kadota I. Fungal-feeding habits of six nematode isolates
in the genus Filenchus. Soil Biol Biochem. 2005;37(6):1113–20.
53. Jones J, Furlanetto C, Kikuchi T. Horizontal gene transfer from bacteria and
fungi as a driving force in the evolution of plant parasitism in nematodes.
Nematology. 2005;7(5):641–6.
54. Levasseur A, Saloheimo M, Navarro D, Andberg M, Pontarotti P, Kruus K,
et al. Exploring laccase-like multicopper oxidase genes from the ascomycete
Trichoderma reesei: a functional, phylogenetic and evolutionary study. BMC
Biochem. 2010;11:32.
55. Kremer SM, Wood PM. Cellobiose oxidase from Phanerochaete
chrysosporium as a source of Fenton’s reagent. Biochem Soc Trans.
1992;20(2):110S.
56. Zamocky M, Ludwig R, Peterbauer C, Hallberg BM, Divne C, Nicholls P, et al.
Cellobiose dehydrogenase–a flavocytochrome from wood-degrading,
phytopathogenic and saprotropic fungi. Curr Protein Pept Sci. 2006;7(3):255–80.
57. Fan Z, Oguntimein GB, Reilly PJ. Characterization of kinetics and
thermostability of Acremonium strictum glucooligosaccharide oxidase.
Biotechnol Bioeng. 2000;68(2):231–7.
58. Boraston Alisdair B, Bolam David N, Gilbert Harry J, Davies Gideon J.
Carbohydrate-binding modules: fine-tuning polysaccharide recognition.
Biochem J. 2004;382(Pt 3):769–81.
59. Gilbert HJ, Knox JP, Boraston AB. Advances in understanding the molecular
basis of plant cell wall polysaccharide recognition by carbohydrate-binding
modules. Curr Opin Struct Biol. 2013;23(5):669–77.
60. Kubicek CP, Starr TL, Glass NL. Plant Cell Wall–Degrading Enzymes and Their
Secretion in Plant-Pathogenic Fungi. Annu Rev Phytopathol. 2014;52(1):427–51.
61. Thorpe P, Mantelin S, Cock P, Blok V, Coke M, Eves-van den Akker S, et al.
Genomic characterisation of the effector complement of the potato cyst
nematode Globodera pallida. BMC Genomics. 2014;15(1):923.
62. Davis E, Haegeman A, Kikuchi T. Degradation of the Plant Cell Wall by
Nematodes. In: Jones J, Gheysen G, Fenoll C, editors. Genomics and
Molecular Genetics of Plant-Nematode Interactions. Netherlands: Springer;
2011. p. 255–72.
Rai et al. BMC Plant Biology  (2015) 15:187 Page 15 of 1563. Klink V, Hosseini P, Matsye P, Alkharouf N, Matthews B. Differences in gene
expression amplitude overlie a conserved transcriptomic program occurring
between the rapid and potent localized resistant reaction at the syncytium
of the Glycine max genotype Peking (PI 548402) as compared to the
prolonged and potent resistant reaction of PI 88788. Plant Mol Biol.
2011;75(1–2):141–65.
64. de Boer JM, Yan Y, Wang X, Smant G, Hussey RS, Davis EL, et al.
Developmental expression of secretory beta-1,4-endoglucanases in the
subventral esophageal glands of Heterodera glycines. Molecular plant-
microbe interactions : MPMI. 1999;12(8):663–9.
65. Goellner M, Smant G, De Boer JM, Baum TJ, Davis EL. Isolation of Beta-1,4-
Endoglucanase Genes from Globodera tabacum and their Expression
During Parasitism. J Nematol. 2000;32(2):154–65.
66. Wang X, Meyers D, Yan Y, Baum T, Smant G, Hussey R, et al. In planta
localization of a beta-1,4-endoglucanase secreted by Heterodera glycines.
Molecular plant-microbe interactions : MPMI. 1999;12(1):64–7.
67. Quentin M, Abad P, Favery B. Plant parasitic nematode effectors target host
defense and nuclear functions to establish feeding cells. Frontiers in plant
science. 2013;4:53.
68. Chen Q, Rehman S, Smant G, Jones JT. Functional analysis of pathogenicity
proteins of the potato cyst nematode Globodera rostochiensis using RNAi.
Molecular plant-microbe interactions : MPMI. 2005;18(7):621–5.
69. Ingham RE, Trofymow JA, Ingham ER, Coleman DC. Interactions of Bacteria,
Fungi, and their Nematode Grazers: Effects on Nutrient Cycling and Plant
Growth. Ecol Monogr. 1985;55(1):119–40.
70. Wang K-H, McSorley R: Effects of Soil Ecosystem Management on
Nematode Pests, Nutrient Cycling, and Plant Health. APSnet Features
2005:doi: 10.1094/APSnetFeatures/2005-0105.
71. Freckman DW. Bacterivorous nematodes and organic-matter
decomposition. Agric Ecosyst Environ. 1988;24(1–3):195–217.
72. Marchler-Bauer A, Lu S, Anderson JB, Chitsaz F, Derbyshire MK, DeWeese-Scott
C, et al. CDD: a Conserved Domain Database for the functional annotation of
proteins. Nucleic Acids Res. 2011;39(Database issue):D225–229.
73. Finn RD, Bateman A, Clements J, Coggill P, Eberhardt RY, Eddy SR, et al.
Pfam: the protein families database. Nucleic Acids Res. 2014;42(Database
issue):D222–230.
74. Kyndt T, Haegeman A, Gheysen G. Evolution of GHF5 endoglucanase gene
structure in plant-parasitic nematodes: no evidence for an early domain
shuffling event. BMC Evol Biol. 2008;8:305.
75. Yan Y, Smant G, Stokkermans J, Qin L, Helder J, Baum T, et al. Genomic
organization of four beta-1,4-endoglucanase genes in plant-parasitic cyst
nematodes and its evolutionary implications. Gene. 1998;220(1–2):61–70.
76. Yan Y, Smant G, Davis E. Functional Screening Yields a New β-1,4-
Endoglucanase Gene from Heterodera glycines that May be the Product of
Recent Gene Duplication. Mol Plant-Microbe Interact. 2001;14(1):63–71.
77. Gao B, Allen R, Maier T, Davis EL, Baum TJ, Hussey RS. Identification of a
New ss-1,4-endoglucanase Gene Expressed in the Esophageal Subventral
Gland Cells of Heterodera glycines. J Nematol. 2002;34(1):12–5.
78. Gao B, Allen R, Maier T, McDermott JP, Davis EL, Baum TJ, et al.
Characterisation and developmental expression of a chitinase gene in
Heterodera glycines. Int J Parasitol. 2002;32(10):1293–300.
79. De Meutter J, Vanholme B, Bauw G, Tytgat T, Gheysen G, Gheysen G.
Preparation and sequencing of secreted proteins from the pharyngeal
glands of the plant parasitic nematode Heterodera schachtii. Mol Plant
Pathol. 2001;2(5):297–301.
80. Goellner M, Wang X, Davis EL. Endo-beta-1,4-glucanase expression in
compatible plant-nematode interactions. Plant Cell. 2001;13(10):2241–55.
81. Rehman S, Butterbach P, Popeijus H, Overmars H, Davis EL, Jones JT, et al.
Identification and Characterization of the Most Abundant Cellulases in
Stylet Secretions from Globodera rostochiensis. Phytopathology.
2009;99(2):194–202.
82. Rosso M-N, Favery B, Piotte C, Arthaud L, De Boer JM, Hussey RS, et al.
Isolation of a cDNA Encoding a β-1,4-endoglucanase in the Root-Knot
Nematode Meloidogyne incognita and Expression Analysis During Plant
Parasitism. Mol Plant-Microbe Interact. 1999;12(7):585–91.
83. Ledger TN, Jaubert S, Bosselut N, Abad P, Rosso M-N. Characterization of a
new β-1,4-endoglucanase gene from the root-knot nematode Meloidogyne
incognita and evolutionary scheme for phytonematode family 5 glycosyl
hydrolases. Gene. 2006;382:121–8.84. Uehara T, Kushida A, Momota Y. PCR-based cloning of two Ξ-1,4-
endoglucanases from the root-lesion nematode Pratylenchus penetrans;
Nematology. 2001;3(4):335–41.
85. Wubben MJ, Ganji S, Callahan FE. Identification and molecular
characterization of a beta-1,4-endoglucanase gene (Rr-eng-1) from
Rotylenchulus reniformis. J Nematol. 2010;42(4):342–51.
86. Mitreva-Dautova M, Roze E, Overmars H, de Graaff L, Schots A, Helder J,
et al. A Symbiont-Independent Endo-1,4-β-Xylanase from the Plant-Parasitic
Nematode Meloidogyne incognita. Mol Plant-Microbe Interact.
2006;19(5):521–9.
87. Haegeman A, Vanholme B, Gheysen G. Characterization of a putative
endoxylanase in the migratory plant-parasitic nematode Radopholus similis.
Mol Plant Pathol. 2009;10(3):389–401.
88. Kikuchi T, Shibuya H, Aikawa T, Jones JT. Cloning and Characterization of
Pectate Lyases Expressed in the Esophageal Gland of the Pine Wood
Nematode Bursaphelenchus xylophilus. Mol Plant-Microbe Interact.
2006;19(3):280–7.
89. De Boer JM, Davis EL, Hussey RS, Popeijus H, Smant G, Baum TJ. Cloning of
a Putative Pectate Lyase Gene Expressed in the Subventral Esophageal
Glands of Heterodera glycines. J Nematol. 2002;34(1):9–11.
90. Huang G, Dong R, Allen R, Davis EL, Baum TJ, Hussey RS. Developmental
expression and molecular analysis of two Meloidogyne incognita pectate
lyase genes. Int J Parasitol. 2005;35(6):685–92.
91. Jaubert S, Laffaire J-B, Abad P, Rosso M-N. A polygalacturonase of animal
origin isolated from the root-knot nematode Meloidogyne incognita1. FEBS
Lett. 2002;522(1–3):109–12.Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
